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Abstract 

Double-layered  anode  catalyst  layers  with  two  reverse  configurations,  which  consist  of  45  wt.%  Pt3Sn/C  and  PtRu  black  catalyst  layers,  were 
fabricated  to  improve  the  performance  of  a  direct  ethanol  fuel  cell  (DEFC).  The  in-house  45  wt.%  Pt3Sn/C  catalyst  was  characterized  by  XRD 
and  TEM.  The  cross-sectional  double-layered  anode  catalyst  layer  was  observed  by  SEM.  In  DEFC  performance  test  and  anode  linear  sweep 
voltammetry  measurement,  the  anode  with  double-layered  catalyst  layer  exhibited  better  catalytic  activity  for  ethanol  electro-oxidation  than  those 
with  single-layered  45  wt.%  Pt3Sn/C  and  PtRu  black  catalyst  layers.  In  terms  of  anode  product  distribution,  the  DEFC  with  double-layered  anode 
catalyst  layer  showed  a  higher  yield  of  acetic  acid  than  that  with  single-layered  PtRu  black  catalyst  layer  and  a  higher  yield  of  C02  than  that 
with  single-layered  45  wt.%  Pt3Sn/C  catalyst  layer,  respectively.  These  results  suggest  that  the  double-layered  anode  catalyst  layer  possessed  the 
advantages  of  both  Pt3Sn/C  and  PtRu  black  catalysts  for  ethanol  electro-oxidation,  and  thus  showed  a  higher  ethanol  electro-oxidation  efficiency 
and  DEFC  performance  in  the  practical  polarization  potential  region. 

©  2007  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

In  the  last  decade,  direct  ethanol  fuel  cell  (DEFC)  has 
attracted  increasing  attention  because  ethanol  has  several  advan¬ 
tages  compared  with  methanol,  such  as  low  toxicity  and  high 
theoretical  energy  density  (8.0  kWh  kg-1),  etc.  [1,2].  However, 
the  slow  kinetics  of  ethanol  electro-oxidation  at  low  tempera¬ 
tures  is  still  a  major  challenge  for  the  research  and  development 
of  DEFC.  Much  effort  has  been  devoted  to  screen  effec¬ 
tive  catalysts  for  ethanol  electro-oxidation  by  the  combination 
of  electrochemical  and  spectroscopy  techniques,  such  as  dif¬ 
ferential  electrochemical  mass  spectroscopy  (DEMS),  Fourier 
transform  infrared  spectroscopy  (FTIRS),  etc.  [3-6].  PtRu  and 
PtSn  catalysts  were  widely  investigated  as  anode  catalysts  in 
DEFC  since  they  showed  different  catalytic  behaviors  on  the 
ethanol  dissociation  and  electro-oxidation  [4-6,7-12].  Accord¬ 
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ing  to  the  bi-functional  mechanism  [11,13],  it  is  generally 
believed  that  the  role  of  Ru  in  PtRu  catalyst  was  to  promote 
water  dissociation  at  low  potentials  in  ethanol  electro-oxidation 
and  thus  produce  the  oxygenated  species  (e.g.,  adsorbed  OH)  to 
give  a  relatively  higher  yield  of  CO2.  When  Pt  was  modified  by 
Sn,  the  effect  of  CO  poisoning  was  reduced  and  ethanol  electro¬ 
oxidation  went  through  the  pathway  of  yielding  acetaldehyde 
and  finally  acetic  acid  [8,14-16].  Wang  et  al.  also  considered  that 
the  catalysis  of  Pt3Sn/C  catalyst  for  ethanol  electro-oxidation 
did  not  improve  the  selectivity  of  complete  oxidation  to  CO2 
according  to  the  DEMS  study  [17].  Until  now,  various  prepara¬ 
tion  methods  have  been  used  to  optimize  the  composition  and 
structure  of  PtSn  and  PtRu  catalysts  with  the  purpose  of  improv¬ 
ing  their  catalytic  activities  [7-9,11-15],  however,  the  DEFC 
performance  of  the  two  catalysts  is  still  poor  and  needs  to  be 
improved  greatly.  In  view  of  the  different  catalytic  properties 
of  PtRu  and  PtSn  catalysts  towards  ethanol  electro-oxidation, 
it  is  interesting  to  investigate  their  combined  effects  on  DEFC 
performance  by  fabricating  an  electrode  using  the  two  cata¬ 
lysts. 
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In  this  work,  double-layered  anode  catalyst  layers  with 
two  reverse  configurations  were  fabricated  by  using  in-house 
45  wt.%  Pt3Sn/C  catalyst  and  commercial  PtRu  black  catalyst. 
The  DEFCs  with  both  double-layered  (D-L)  anode  catalyst  lay¬ 
ers  showed  a  greater  performance  than  those  with  single-layered 
(S-L)  45  wt.%  Pt3Sn/C  and  PtRu  black  catalyst  layers.  The  pre¬ 
pared  45  wt.%  Pt3Sn/C  catalyst  was  characterized  by  XRD  and 
TEM,  and  the  cross-sectional  morphology  of  the  D-L  anode 
catalyst  layer  was  observed  by  SEM.  Single  cell  test  and  anode 
polarization  measurement  in  combination  with  anode  product 
analysis  were  carried  out  to  investigate  the  improvement  of 
DEFC  performance  and  variation  of  product  distribution. 

2.  Experimental 

2.7.  Catalyst  preparation 

H2PtCl6*6H20  and  SnCl2*2H20  were  used  as  the  precur¬ 
sors  of  Pt3Sn/C  catalyst.  Vulcan  XC-72R  carbon  black  (Cabot 
Corp.,  Sbet  =  237  m2  g-1)  was  served  as  support  material.  The 
detailed  process  has  been  described  elsewhere  [18].  The  required 
amounts  of  H2PtCl6*6H20  and  SnCl2-2H20  and  carbon  pow¬ 
der  were  added  to  ethylene  glycol  solution  withstirring  to  form 
a  homogeneous  slurry.  The  slurry  was  heated  to  165  °C  and  kept 
at  this  temperature  for  4  h  in  an  oil  bath.  Then  the  black  solid 
samples  were  filtered,  washed  and  dried  at  80° C  for  10  h  in  a 
vacuum  oven.  The  metal  loading  of  the  catalyst  on  carbon  was 
45  wt.%  (the  nominal  atomic  ratio  of  Pt  to  Sn  is  3: 1,  Pt3Sn/C  for 
short  in  the  next  paragraphs). 

2.2.  ME  A  fabrication 

Preparation  of  anode  and  cathode  diffusion  layers  on  SGL 
GDL-20-AA  carbon  paper  (0. 19  mm  thick,  SGL  Carbon  Group, 
Short  Hills,  NJ)  has  been  previously  described  [19].  The  D-L 
anode  catalyst  layers  consisted  of  Pt3Sn/C  and  PtRu  black  cata¬ 
lyst  layers  with  two  reverse  configurations.  In  the  first  D-L  anode 
catalyst  layer(denoted  as  D-L-l  anode  catalyst  layer),  Pt3Sn/C 
catalyst  layer  was  close  to  the  anode  diffusion  layer  as  the  first 
layer,  and  PtRu  black  catalyst  layer  was  adjacent  to  the  Nafion® 
membrane  as  the  second  layer.  To  prepare  the  first  layer,  the  in- 
house  Pt3Sn/C  catalyst  was  mixed  into  a  water/alcohol  solution 
along  with  a  5  wt.%  Nafion  solution  (Dupont)  and  the  resulting 
mixture  was  ultrasonically  agitated  with  vigorous  mechanical 
stirring  to  form  a  homogeneous  ink.  The  ink  was  then  brushed 
onto  the  anode  diffusion  layer  held  on  a  heating  table  at  60  °C  to 
form  the  first  catalyst  layer.  The  resulting  catalyst  loading  was 
4.5  mg  cm-2  and  the  Nafion  content  was  10  wt.%.  And  then 

1  mg  cm-2  dry  Nafion  ionomer  was  sprayed  onto  the  surface  of 
the  first  layer.  To  prepare  the  second  layer,  the  ink  consisting  of 
PtRu  black  catalyst  (Johnson  Matthey)  and  Nafion  ionomer  was 
prepared  using  the  same  method  as  described  above  and  then 
brushed  onto  the  first  layer  at  60  °C.  The  resulting  PtRu  black 
catalyst  loading  was  2.5  mg  cm-2  and  the  Nafion  content  was 
15  wt.%.  The  other  D-L  anode  catalyst  layer  (denoted  as  D-L- 

2  anode  catalyst  layer)  was  prepared  by  the  reverse  order.  For 
comparison,  two  anodes  with  S-L  catalyst  layers  were  also  pre- 


Ice  bath  DNPH  Ba(OH)2  Water 

Fig.  1.  Set-up  for  trapping  the  anode  outlet  products  of  DEFC. 


pared  in  the  same  way.  The  S-L  Pt3Sn/C  catalyst  layer  has  the 
same  catalyst  and  Nafion  loading  as  the  first  layer  in  the  D-L-l 
anode,  and  finally  1  mg  cm-2  dry  Nafion  ionomer  was  sprayed 
onto  the  surface  of  the  catalyst  layer.  The  PtRu  black  loading 
was  6  mg  cm-2  and  the  Nafion  content  was  15  wt.%  in  the  S- 
L  PtRu  black  catalyst  layer.  In  all  cases,  the  identical  cathode 
catalyst  layers  were  prepared  by  brushing  cathode  ink  onto  the 
cathode  diffusion  layer  held  on  a  heating  table  at  60  °C.  The 
resulting  Pt  loading  was  3.7  mg  cm-2  and  the  Nafion  content 
was  12  wt.%.  Finally,  anode  and  cathode  (2cmx  2  cm)  were 
placed  onto  the  two  sides  of  the  Nafion®  115  membrane  and 
hot-pressed  at  135  °C  and  2000  pounds  for  2  min  to  form  the 
MEA. 


2.3.  Analysis  of  catalysts  and  MEAs 

X-ray  diffraction  (XRD)  patterns  were  recorded  with  a 
Rigaku  Rotalflex  (RU-2000B)  X-ray  diffractometer  using  Cu 
Ka  radiation  with  a  Ni  filter.  The  tube  current  was  100mA 
with  a  tube  voltage  of  40  kV.  The  20  angular  regions  between 
15°  and  85°  were  explored  at  a  scan  rate  of  5°  min-1.  Catalyst 
morphology  was  investigated  by  a  TECNAI  F30  transmission 
electron  microscopy  (FEI  Corp.).  The  cross-sectional  morphol¬ 
ogy  of  the  D-L- 1  anode  catalyst  layer  was  examined  by  JEOL 
JSM-5600LV  SEM. 


2.4.  Single  cell  test  and  linear  sweep  voltammetry  (LSV) 
measurement 

The  MEA  was  fitted  between  two  stainless  steel  plates  in  a 
punctual  flow  bed  [20] .  The  polarization  curves  were  obtained 
using  a  Fuel  Cell  Test  System  (Arbin  Instrument  Corp.)  under 
the  operation  conditions  of  90  °C,  lmLmin-1  of  1.5  mol  L-1 
ethanol  solution  and  non-humidified  oxygen  at  a  pressure  of 
0.2  MPa  and  a  flow  rate  of 240  mL  min- 1 .  The  LSV  s  of  the  anode 
catalyst  layer  were  performed  at  90  °C  using  an  EG&G  PAR  273 
potentiostat  at  a  scan  rate  of  1  mV  s-1 .  In  this  measurement,  the 
anode  was  fed  with  1.5  molL-1  ethanol  solution  at  a  flow  rate 
of  1  mL  min- 1  as  the  working  electrode,  and  the  cathode  was 
fed  with  hydrogen  gas  as  the  counter  and  pseudo-reference  elec¬ 
trode  (dynamic  hydrogen  electrode,  DHE)  [21].  The  hydrogen 
pressure  and  flow  rate  was  0.1  MPa  and  50mLmin-1,  respec¬ 
tively. 

2.5.  Analysis  of  anode  product 

Fig.  1  presents  the  set-up  for  trapping  the  outlet  products, 
which  is  a  bit  different  from  reference  [15].  The  DEFC  was 
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Fig.  2.  X-ray  diffraction  patterns  of  (a)  Pt/C  and  (b)  Pt3Sn/C  catalysts. 


operated  at  a  certain  cell  voltage  for  3  h  under  the  operation 
conditions  of  90  °C,  1  mL  min-1  of  1 .5  mol  L-1  ethanol  solution 
and  non-humidified  oxygen  at  a  pressure  of  0.2  MPa  and  a  flow 
rate  of  240  mL  min-1 .  The  first  flask  was  bathed  in  ice  to  reduce 
the  volatility  of  the  DEFC  anode  outlet  solution.  Acetaldehyde 
and  CO2  were  adsorbed  by  saturated  2,4-dinitrophenylhydrazine 
(DNPH)  in  a  2.0  mol  L-1  HC1  solution  and  Ba(OH)2  solution, 
respectively.  In  this  experiment,  no  precipitation  in  DNPH  solu¬ 
tion  was  observed  during  the  discharge  process,  which  indicated 
that  no  acetaldehyde  was  volatilized  from  the  first  flask.  Then 
20  mL  of  the  anode  product  was  taken  out  from  the  first  flask 
for  gas  chromatogram  and  titration  analysis,  the  concentration 
of  ethanol,  acetaldehyde  and  ethyl  acetate  was  determined  by 
VARIAN  CP-3800  gas  chromatogram,  and  the  concentration  of 
acetic  acid  was  titrated  by  standardized  NaOH  solution.  The 
excess  solution  in  the  first  flask  was  purged  by  pure  nitrogen  at 
a  suitable  flow  rate  for  2  h  and  then  the  CO2  dissolved  in  the 
solution  was  adsorbed  by  the  saturated  Ba(OH)2  solution  in  the 
second  flask. 

3.  Results  and  discussion 

The  XRD  patterns  of  Pt3Sn/C  and  Pt/C  catalysts  were  shown 
in  Fig.  2.  It  could  be  seen  that  the  Pt3Sn/C  catalyst  displayed 
two  small  diffraction  peaks  of  SnC>2(l  01)  and  SnC>2(2  1  1)  at 
around  34°  and  52° ,  respectively,  which  were  apart  from  the  four 
diffraction  peaks  of  Pt(l  1 1),  Pt(2  00),  Pt(2  20),  and  Pt(3  1 1) 
(PCPDF#41 1445,  #040802)  [22].  It  could  also  be  observed  that 
Pt  related  diffraction  peaks  on  Pt3Sn/C  catalyst  shifted  to  lower 
angles  compared  with  Pt/C  catalyst,  which  indicated  that  Pt3Sn 
alloy  was  formed.  The  mean  particle  diameter  of  the  catalyst 
was  2.38  nm  calculated  from  Scherrer  equation  with  Pt(2  20) 
diffraction  peak  [23],  which  was  corresponding  to  the  result  of 
Fig.  3.  The  lattice  parameter  of  the  catalyst  was  3.95 1 A  accord¬ 
ing  to  the  Vegard’s  law  [23],  which  is  larger  than  that  of  Pt/C 
(3.915  A),  suggesting  that  the  lattice  of  Pt  in  the  Pt3Sn/C  catalyst 
is  dilated  when  Sn  atom  joins.  From  our  previous  work  [7],  it 
could  be  concluded  that  Pt3Sn/C  catalyst  with  a  suitable  ratio 
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Fig.  3.  TEM  image  (a)  and  the  corresponding  histogram  of  particle  size  distri¬ 
bution  (b)  of  Pt3Sn/C  catalyst. 


of  PtSn  alloy  and  tin  oxide  would  display  an  optimum  ethanol 
electro-oxidation  activity  although  the  ratio  was  not  very  clear. 
Fig.  3(a)  and  (b)  showed  the  TEM  image  and  the  correspond¬ 
ing  histogram  of  particle  size  distribution  of  in-house  Pt3Sn/C 
catalyst,  respectively.  It  could  be  seen  that  the  metal  particles 
were  uniformly  distributed  on  the  support  and  had  a  narrow 
distribution  with  the  mean  particle  size  of  2.6  nm. 

Fig.  4  showed  single  cell  performances  of  DEFC  with  D-L-l 
and  D-L-2  anode  catalyst  layers,  S-L  PtRu  black  and  Pt3Sn/C 
catalyst  layers,  respectively.  It  could  be  clearly  seen  that  the  open 
circuit  voltage  (OCV)  of  DEFC  with  two  S-L  catalyst  layers 
was  quite  different,  which  was  about  0.71  V  and  0.86  V  for  S-L 
PtRu  black  and  Pt3Sn/C  catalyst  layer,  respectively.  In  the  case 
of  DEFC  with  S-L  Pt3Sn/C  catalyst  layer,  the  higher  OCV  could 
be  attributed  to  its  negative  shift  of  onset  potential  for  ethanol 
electro-oxidation  (discussed  in  the  next  paragraph).  In  the  low 
current  density  region  (<200  mA  cm-2),  i.e.  at  low  anode  over¬ 
potential,  the  cell  voltage  of  DEFC  with  S-L  Pt3Sn/C  catalyst 
layer  was  much  higher  than  that  of  DEFC  with  S-L  PtRu  black 
catalyst  layer.  However,  it  declined  more  speedily  in  the  high 
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Fig.  4.  Comparison  of  DEFC  single  cell  performance  with  different  anode  cata¬ 
lyst  layers  under  the  operation  conditions  of  90  °C,  1  mLmin-1  of  1.5  molL-1 
ethanol  solution  and  non-humidified  oxygen  at  a  pressure  of  0.2  MPa  and  a  flow 
rate  of  240  mL  min-1 . 

current  density  region.  The  DEFC  with  S-L  PtRu  black  catalyst 
layer,  on  the  contrary,  showed  its  advantage  when  the  current 
density  was  greater  than  200  mA  cm-2,  where  the  anode  was 
deeply  polarized.  Due  to  their  different  superiorities,  the  maxi¬ 
mum  power  density  of  DEFC  with  S-L  PtRu  black  catalyst  layer 
was  only  a  little  lower  than  that  of  DEFC  with  S-L  Pt3Sn/C 
catalyst  layer  (about  63  mW  cm-2  and  70mWcm-2,  respec¬ 
tively).  When  the  anode  catalyst  layer  was  replaced  by  two  D-L 
anode  catalyst  layers,  the  advantages  of  both  PtRu  black  and 
Pt3Sn/C  catalyst  layer  appeared  and  the  cell  voltage  increased 
in  both  low  and  high  current  density  regions,  the  DEFC  with  D- 
L-l  and  D-L-2  anode  catalyst  layers  showed  a  maximum  power 
density  of  96  mW  cm-2  and  79  mW  cm-2,  respectively.  The  per¬ 
formance  difference  between  the  two  D-L  anode  catalyst  layers 
was  probably  ascribed  to  the  electrode  structure.  Fig.  5  showed 
the  cross-sectional  SEM  image  of  the  D-L- 1  anode  catalyst  layer. 
It  could  be  seen  that  the  two  catalyst  layers  are  separated  clearly 
with  an  average  thickness  of  8.2  p,m  for  the  PtRu  black  cata¬ 
lyst  layer  on  the  top  of  membrane  and  an  average  thickness  of 
53  [x m  for  the  PtSn/C  catalyst  layer  adjacent  to  the  anode  dif¬ 
fusion  layer.  Compared  with  the  PtRu  black  catalyst  layer,  the 
Pt3Sn/C  catalyst  layer  was  more  porous  and  hydrophobic  due 


Fig.  5.  Cross-sectional  SEM  image  of  D-L-l  anode  catalyst  layer. 


Fig.  6.  Anode  polarization  curves  of  DEFC  with  different  anode  catalyst  layers 
at  90  °C,  recorded  at  a  scan  rate  of  1  mV/s.  The  anode  was  fed  with  1 .5  mol  L-1 
ethanol  solution  at  a  flow  rate  of  1  mLmin-1,  and  the  cathode  was  fed  with 
0. 1  MPa  hydrogen  at  a  flow  rate  of  50  mL  min-1 . 

to  the  high  content  of  carbon  black,  so  the  configuration  in  the 
D-L-l  anode  catalyst  layer  was  more  favourable  for  the  trans¬ 
portation  of  the  reactants  and  products  at  the  anode  than  that 
in  the  D-L-2  anode  catalyst  layer,  which  resulted  in  a  higher 
performance. 

To  further  clarify  the  reasons  for  the  improvement  of  DEFC 
performance  with  D-L  anode  catalyst  layers,  anode  polariza¬ 
tion  curves  for  the  four  single  cells  were  measured  as  shown  in 
Fig.  6.  The  maximum  polarization  potential  was  set  at  0.6  V  in 
order  to  prevent  the  dissolution  of  Sn,  and  the  current  limit  is 
1  A  in  the  potentiostat.  The  faradic  current  was  normalized  by 
the  geometrical  electrode  area.  The  profiles  showed  clearly  that 
the  onset  of  ethanol  electro-oxidation  on  the  DEFC  with  two 
D-L  anode  catalyst  layers  and  S-L  Pt3Sn/C  catalyst  layer  was 
all  about  0.08  V,  while  the  reaction  commenced  at  0.25  V  on  the 
DEFC  with  S-L  PtRu  black  catalyst  layer.  The  result  indicated 
that  the  S-L  Pt3Sn/C  and  two  D-L  anode  catalyst  layers  revealed 
better  ethanol  electro-oxidation  activities  at  low  anode  polariza¬ 
tion  potentials,  which  was  in  good  agreement  with  the  results 
obtained  from  Fig.  4.  When  the  anode  polarization  potential  fur¬ 
ther  increased,  the  difference  in  current  density  between  D-L-l 
anode  catalyst  layers  and  S-L  Pt3Sn/C  catalyst  layer  increased 
more  and  more.  In  the  case  of  DEFC  with  S-L  PtRu  black  cat¬ 
alyst  layer,  the  current  density  increased  more  rapidly  than  the 
others  after  the  onset,  and  was  greater  than  that  in  S-L  Pt3Sn/C 
catalyst  layer  when  the  anode  polarization  potential  was  larger 
than  0.55  V.  Therefore,  the  S-L  PtRu  black  and  Pt3Sn/C  catalyst 
layers  exhibited  their  superiorities  at  different  anode  polarization 
potential  regions.  It  is  very  interesting  to  note  that  the  two  D-L 
anode  catalyst  layers  revealed  the  combined  effects  of  PtRu  and 
PtSn  catalysts,  and  thus  showed  higher  ethanol  electro-oxidation 
activities  than  S-L  PtRu  black  and  Pt3Sn/C  catalyst  layers  in 
the  entire  polarization  potential  region.  Corresponding  to  the 
result  of  Fig.  4,  the  D-L-l  anode  catalyst  layer  also  showed 
a  greater  performance  than  the  D-L-2  anode  catalyst  layer  in 
the  anode  polarization  curve,  so  more  attention  was  paid  to  the 
D-L-l  anode  catalyst  layer  in  the  next  paragraph. 
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Table  1 

The  product  concentration,  product  yield  and  current  efficiency  of  acetaldehyde  (AAL),  ethyl  acetate  (EA),  acetic  acid  (AA)  and  CO2,  formed  in  DEFC  with  the 
D-L-l,  S-L  Pt3Sn/C  and  PtRu  black  anode  catalyst  layers,  respectively 


Anode 

D-L-l 

Pt3Sn/C 

PtRu  black 

0.6a 

0.5a 

0.4a 

0.6a 

0.5a 

0.4a 

0.6a 

0.5a 

0.4a 

Product  concentration  (mmol  L  1 )  AAL 

13.64 

22.95 

25.45 

9.32 

12.95 

21.14 

28.18 

45.68 

50.45 

EA 

4.20 

4.77 

3.86 

3.52 

2.84 

2.95 

3.86 

3.64 

4.09 

AA 

232 

273 

317 

204 

233 

262 

110 

138 

224 

C02 

0.34 

1.3 

1.64 

0.19 

0.44 

0.81 

0.32 

0.80 

1.80 

Product  yield  (%)  AAL 

5.45 

7.60 

7.31 

4.29 

5.20 

7.37 

19.79 

24.28 

18.00 

EA 

1.68 

1.58 

1.11 

1.62 

1.14 

1.03 

2.71 

1.93 

1.46 

AA 

92.73 

90.39 

91.11 

94.00 

93.48 

91.32 

77.27 

73.36 

79.90 

C02 

0.14 

0.43 

0.47 

0.09 

0.18 

0.28 

0.23 

0.43 

0.64 

Current  efficiency  (%)  AAL 

2.79 

3.92 

3.76 

2.19 

2.66 

3.80 

10.92 

13.68 

9.75 

EA 

1.72 

1.63 

1.14 

1.65 

1.17 

1.06 

3.0 

2.18 

1.58 

AA 

95.06 

93.12 

93.65 

95.88 

95.62 

94.27 

85.32 

82.69 

86.59 

C02 

0.43 

1.33 

1.45 

0.27 

0.55 

0.87 

0.76 

1.45 

2.08 

Cell  voltage  (V). 


Based  on  the  previous  works  [6,11,14,24-30],  ethanol 
electro-oxidation  in  acid  solution  could  be  summarized  as  two 
parallel  reaction  pathways.  One  pathway  was  the  cleavage  of 
C-C  bond  to  form  CO2,  and  the  other  was  a  ‘direct’  oxidation 
pathway  to  form  acetaldehyde  and  acetic  acid.  Table  1  listed  the 
anode  product  distributions  and  current  efficiencies  of  DEFC 
with  D-L-l  anode  catalyst  layer,  S-L  Pt3Sn/C  catalyst  layer  and 
S-L  PtRu  black  catalyst  layer  under  different  cell  voltages.  It 
could  be  seen  from  Table  1  that  acetaldehyde,  acetic  acid,  ethyl 
acetate  and  CO2  were  detected  in  the  DEFC  anode  effluent,  and 
C2  species  were  the  major  anode  products.  However,  the  yields 
and  current  efficiencies  of  the  anode  products  were  different 
in  the  DEFC  with  different  anode  catalyst  layers.  For  exam¬ 
ple,  when  the  cell  voltage  was  0.5  V,  the  yield  of  acetic  acid  in 
the  DEFC  with  S-L  PtRu  black,  S-L  Pt3Sn/C  and  D-L-l  anode 
catalyst  layers  was  73.36%,  93.48%  and  90.39%,  and  the  corre¬ 
sponding  current  efficiency  was  82.69%,  95.62%  and  93.12%, 


respectively.  In  the  case  of  acetaldehyde,  the  product  yield  of 
DEFC  with  D-L- 1  anode  catalyst  layer  varied  almost  the  same 
with  that  of  DEFC  with  S-L  Pt3Sn/C  catalyst  layer  (<10%),  both 
obviously  less  than  that  of  DEFC  with  S-L  PtRu  black  catalyst 
layer  (about  20%).  It  could  also  be  seen  that  CO2  yield  increased 
with  current  density,  indicating  that  more  C-C  bonds  were  bro¬ 
ken  when  the  anode  overpotential  of  DEFC  increased.  At  each 
cell  voltage,  CO2  yield  of  DEFC  with  S-L  Pt3Sn/C  catalyst  layer 
displayed  least,  while  the  formation  of  CO2  was  easier  in  DEFC 
with  D-L-l  anode  catalyst  layer,  similar  to  that  of  DEFC  with 
S-L  PtRu  black  catalyst  layer.  So,  the  DEFC  with  D-L-l  anode 
catalyst  layer  not  only  favored  the  C-C  bond  splitting,  resulting 
in  the  formation  of  CO2,  but  also  contributed  to  the  formation 
of  C2  species,  including  acetic  acid  and  acetaldehyde. 

Based  on  the  analysis  from  Table  1 ,  we  calculated  the  ethanol 
oxidation  efficiencies  according  to  the  following  formula  (Eq. 
(1)),  as  shown  in  Fig.  7. 


Fig.  7.  Ethanol  oxidation  efficiencies  for  DEFC  with  different  anode  catalyst 
layers  at  90  °C. 


(0.5  x  Mqq2  +  2xMEa  +  Maal  +  ^aa)  x  Tout 

^ethanol  X  ^in 


X  100% 
(1) 


where  r)  was  the  ethanol  oxidation  efficiency,  Mqo2 »  ^ea> 
Maal  and  Maa  was  the  concentration  of  CO2,  ethyl  acetate, 
acetaldehyde  and  acetic  acid,  respectively,  M^thanol  was  the  ini¬ 
tial  concentration  of  ethanol,  Vout  and  V[n  was  the  volume  of 
inlet  and  outlet  solution  in  the  anode  of  the  DEFC,  respectively. 
It  could  be  concluded  from  Fig.  7  that  ethanol  oxidation  effi¬ 
ciency  increased  as  cell  voltage  decreased  because  there  was 
more  ethanol  oxidized  with  the  increasing  of  current  density. 
Compared  with  the  S-L  Pt3Sn/C  and  PtRu  black  catalyst  lay¬ 
ers,  the  oxidation  efficiencies  were  higher  at  all  the  studied  cell 
voltages  on  DEFC  with  the  D-L-l  anode  catalyst  layer,  which 
resulted  in  a  higher  performance. 
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4.  Conclusion 

DEFC  performance  was  improved  by  fabricating  novel  D- 
L  anode  catalyst  layers  with  two  reverse  configurations  using 
in-house  45  wt.%  PtSn/C  catalyst  and  commercial  PtRu  black 
catalyst.  XRD  and  TEM  characterization  results  indicated  that 
the  in-house  Pt3Sn/C  catalyst  was  alloyed  partially  and  that 
the  metal  particles  were  uniformly  distributed  on  the  support 
with  a  mean  particle  size  of  2.6  nm.  Due  to  the  favorable  elec¬ 
trode  structure,  the  DEFC  with  D-L  anode  catalyst  layer  in  the 
order  of  PtSn/C  and  PtRu  black  catalyst  layers  from  the  anode 
diffusion  layer  showed  a  higher  performance  than  that  with 
D-L  anode  catalyst  layer  in  the  reverse  order.  The  maximum 
power  density  of  DEFC  with  this  favorable  D-L  anode  catalyst 
layer  was  96  mW  cm-2  under  the  operation  conditions  of  90  °C, 
1  mL  min-1  of  1.5  mol  L-1  ethanol  solution  and  non-humidified 
oxygen  at  a  pressure  of  0.2  MPa  and  a  flow  rate  of 240  mL  min- 1 , 
which  increased  by  52.4%  and  37.1%  compared  with  DEFC  with 
S-L  PtRu  black  and  PtSn/C  catalyst  layers,  respectively.  Anode 
polarization  curves  suggested  that  the  D-L  anode  catalyst  layers 
performed  higher  ethanol  electro-oxidation  activities  than  S-L 
PtRu  black  and  Pt3Sn/C  catalyst  layers.  The  analysis  of  DEFC 
anode  products  indicated  that  acetic  acid  was  the  major  product 
with  the  product  yield  and  current  efficiency  larger  than  70% 
and  80%,  respectively,  while  CO2  as  the  least  product  with  the 
maximum  current  efficiency  of  about  2.08%.  In  addition,  the 
yield  of  acetic  acid  in  DEFC  with  D-L  anode  catalyst  layer  was 
similar  to  that  in  DEFC  with  S-L  PtSn/C  catalyst  layer,  and  the 
yield  of  CO2  in  DEFC  with  D-L  anode  catalyst  layer  was  close  to 
that  in  DEFC  with  S-L  PtRu  black  catalyst  layer.  These  results 
suggested  that  the  DEFC  with  D-L  anode  catalyst  layer  pos¬ 
sessed  the  advantages  of  both  PtRu  black  and  Pt3Sn/C  catalysts, 
and  thus  showed  higher  product  yields,  current  efficiencies  and 
ethanol  oxidation  efficiencies  than  those  with  S-L  PtRu  black 
and  Pt3Sn/C  catalyst  layers. 
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